We report the rheological and microstructural shear response of a mixture of polyvinylpyrrolidone (PVP) coated silver nanowires and nanoparticle aggregates (Ag) dispersed in ethylene glycol (EG) or water (H 2 O). Biphasic and liquid crystalline dispersions exhibited rheological characteristics similar to those of lyotropic liquid crystalline polymers (LCPs). The viscosity versus concentration curve for Ag-EG dispersions showed a viscosity minimum at a silver concentration between 2.2 vol.% and 2.9 vol.%; this is indicative of the transition to an entirely liquid crystalline phase. The rheology results were consistent with optical microscopy observations that at 2.9 vol.% the sample was entirely birefringent; this is another indication of liquid crystalline phase formation. Shear had a significant effect on the microstructure of the dispersions and dried coatings. Depending on the shear rate, worm or shear banding Structures were observed.
Introduction
Inorganic nanocylinders (i.e., nanorods, nanowires, and nanotubes) are promising materials due to their excellent plasmonic, optoelectronic, and catalytic properties [1] [2] [3] . There have been ongoing improvements in the reproducibility and scalability of nanocylinder synthesis, but scalable methods for controlled assembly over large areas remain a persistent challenge. Fluid phase processing methods are a promising route; both the scalability and infrastructure for producing coatings from complex fluid dispersions are well established [4] [5] [6] [7] [8] . In addition, many nanocylinders are synthesized in a liquid dispersion. Experimental results have shown that nanocylinder coatings and films with controlled, uniform orientation have significantly improved optical [9, 10] and electrical [11] [12] [13] properties, and they can be used as building blocks for functional devices. However, controlling orientation in nanocylinder coatings requires understanding dispersions' rheological and microstructural response to shear.
Silver nanowires' excellent optical, electrical, thermal, and antimicrobial properties have caused them to be explored for transparent conductive displays, solar cell components, surface-enhanced Raman scattering (SERS) substrates, electrochemical capacitors, and antimicrobial surfaces [14] [15] [16] [17] . In our previous work, we reported demixed nematic liquid crystalline phase formation in a system comprised of polyvinylpyrrolidone (PVP) coated silver nanowires and nanoparticle aggregates dispersed in ethylene glycol/water (EG/H 2 O) [18] . In this work, we report the results of more detailed studies on the rheological and microstructural response of these dispersions to shear. The rheological properties are analogous to those reported for classical rod-like liquid crystalline polymers (LCPs) [19] [20] [21] [22] . We also report that shearing the dispersions results in complex microstructures. For example, applying a shear rate of approximately 200 s −1 results in a worm-like texture in biphasic dispersions; this texture is stable for several hours due to the long relaxation time of the high aspect ratio Ag nanocylinders. At higher shear rates, the silver nanowires align at the top of the coating while the spherical aggregates pack at the bottom of the coating and shear banding can occur. This intriguing range of microstructures is promising for the controlled assembly of not only silver dispersions, but also multicomponent dispersions of nanocylinders and nanoparticles. 
Experimental Section
2.1. Synthesis. Silver nanowires were synthesized using the microwave-assisted polyol method [23] . In a typical experiment, 90 mg of silver nitrate (AgNO 3 ), 110 mg of polyvinylpyrrolidone (PVP) (MW 58,000), and 5 mg of sodium chloride (NaCl) were dissolved in 20 mL of ethylene glycol (EG) in a 100 mL beaker; all chemicals were purchased from Sigma-Aldrich (Milwaukee, WI) and used as received. The solution was bath sonicated for 5 minutes in a 55 kHz ColeParmer bath sonicator to speed the dissolution process. After all chemicals were dissolved, the solution was heated for 3.5 minutes at a power level of 3 in a household General Electric 1000 W, 2.45 GHz microwave. It should be noted that the dispersions heat very rapidly and care needs to be exercised to avoid boiling over the dispersion or creating a significant quantity of potentially ignitable vapor. After heating, the dispersions were left in the microwave to cool for 10 minutes to avoid disturbing the growth process and reduce the risk of exposure to the hot EG. As described in Murali et al. (2010) , the synthesis results in a mixture of silver nanowires and large nanoparticle aggregates [18] . To partially fractionate the dispersions and remove excess PVP and other chemicals, the dispersions were concentrated by sedimentation for at least 48 hours and then the supernatants were removed. The sediment was then washed with acetone and then with deionized water with a 20-minute 2000 ×g centrifugation between each washing step. The final sediment was transferred to EG/H 2 O by repeating the centrifugation process twice in EG/H 2 O at 2000 ×g for 20 minutes.
Characterization.
To determine the sample concentration, thermogravimetric analysis (TGA) was performed in a TA Instruments Q500 thermal gravimetric analyzer. The sample was heated in a clean platinum pan at 5 ∘ C/min to 500 ∘ C under a constant Argon balance protection flow rate of 10 cm 3 /min and sample argon flow rate of 90 cm 3 /min. After the temperature reached 500 ∘ C, the temperature was held constant for 20 minutes.
Rheological characterization was performed using an Anton Paar MCR 301 rotational rheometer equipped with a P-PTD200 Peltier temperature control device and H-PTD200 Peltier upper oven at 20 ∘ C. To increase the accessible shear rate range, a 50 mm parallel plate fixture was used for low concentration dispersions and a 25 mm parallel plate fixture was used for high concentration dispersions. For steady shear measurements, a presehear at a constant shear rate of 1 s −1 for 1000 seconds was applied to each sample after loading to ensure a well defined shear history. The temperature of the samples was controlled at 20 ∘ C for all the rheology tests.
Dispersion microstructure was characterized using a Nikon Eclipse 80i color transmission optical microscope equipped with cross-polarized differential interference contrast (DIC), a Retiga camera, and a digital imaging workstation with NIS-Elements software. Coating morphology was characterized by both a JEOL 7000-F field emission scanning electron microscope (SEM) and optical microscopy using reflected cross-polarized light. Coating electrical properties were characterized by a Keithley 4200-SCS semiconductor characterization system with the four-point probe method.
Results and Discussion

Synthesis.
After the sedimentation and washing process, the size distributions of the samples used in this research were characterized using optical microscopy and SEM (Figure 1 ). Size measurements made on more than 5000 entities using optical microscopy showed significant nanowire length polydispersity with an average length ⟨ ⟩ = 4.8 m; the number fraction of silver nanowires was approximately 0.05. SEM characterization of the nanowire and nanoparticle aggregate diameters showed a broad diameter distribution of silver nanoparticle aggregates with ⟨ ⟩ = 170 nm and relatively narrow diameter distribution of silver nanowires with ⟨ ⟩ = 60 nm. This results in a silver nanowire average aspect ratio ⟨ / ⟩ = 80.
Dispersion Morphology.
The dispersion microstructure of silver nanowire and nanoparticle aggregates in ethylene glycol at different concentrations was studied by a crosspolarized optical microscopy ( Figure 2 ). Based on crosspolarized optical microscopy, the isotropic-biphasic transition was 0.1 vol.% (total silver nanomaterials). As described in our previous work [18] , the microstructure of silver nanowires in this biphasic region showed a strand-like morphology which has been previously observed in biphasic dispersions of single-walled carbon nanotubes (SWNT) in superacids [24] . In accordance with liquid crystalline phase behavior, as the silver concentration increased, the fraction of birefringent liquid crystalline domains increased. It is interesting to note that there was a dramatic microstructure change at silver volume fraction between 0.6 and 0.8 vol.%. The microstructure of Ag-EG with 0.8 vol.% silver showed more significant networking than that of Ag-EG with 0.6 vol.% silver. When the silver volume fraction reached approximately 2.8 vol.%, a single-phase polydomain lyotropic liquid crystal formed in EG. This entirely liquid crystalline phase is a demixed nematic containing both strongly birefringent rod-rich regions and sphere-rich (dark brown) regions. Rod-sphere demixing was also reported in our previous work [18] as well as modeling results for dispersions of polymer spheres and rod-shape fd virus [25] .
Rheology.
Rheology is a useful tool to probe the microstructure and shear response of liquid crystalline phases of rod-like polymers [19] [20] [21] [22] and nanocylinders [18, 24, [26] [27] [28] [29] [30] [31] . Rheological features for rod-like polymer lyotropic liquid crystals include the following: the viscosity versus concentration curve has a maximum; the response of startup shearing tests shows that the viscosity and first normal force difference oscillate over 100 shear units (time multiplied by shear rate) before reaching the steady state; the viscosity versus shear rate curve often shows three distinct regions; and the Cox-Merz rule is not obeyed.
For isotropic Ag-EG dispersions, the start-up of constant shear showed an overshoot followed by steady state in less than 100 shear units as reported for other isotropic systems [32]. However, for biphasic and liquid crystalline Ag-EG dispersions with silver volume fraction > 1.90 vol.%, the start-up of shear resulted in an overshoot followed by uniform oscillatory transients for over 1000 shear units. The first normal stress difference N1 showed similar oscillations but also some drift. For example, Figure 3 shows the response of the start-up shear for 1.90 vol.% Ag-EG at a constant shear rate of 1 s −1 . The response of both viscosity and first normal stress difference showed very uniform long oscillatory transients which persisted for over 1500 shear units. Similar behavior has also been reported with other lyotropic nanocylinder systems including SWNT-102% H 2 SO 4 [24] , Ag-H 2 O [18] , and silica nanorods in DMSO [31] . Figure 4 highlights the significant effect high aspect ratio rods have on low shear viscosity. It shows that, at low shear, there was six-order-of-magnitude range of viscosities for Ag-EG concentrations ranging from 0.6 to 4.1 vol.%; the low viscosity of the 0.6 vol.% dispersion limited the accessible shear rate range to >0.1 s −1 . At an Ag concentration of 0.6 vol.%, the dispersion was isotropic and behaved as a Newtonian fluid. Increasing concentration to 0.8 vol.% resulted in both a threeorder-of-magnitude increase in low shear viscosity and shear thinning behavior. This change in rheological behavior was consistent with the optical microscopy observations that a network structure formed at 0.8 vol.%. At this concentration and above, all of the dispersions exhibited at least one region of power law behavior =̇− 1 , where is viscosity,i s the shear rate, is the consistency index and is the power law index. Consistent with observations for other macromolecular liquid crystals, several of the dispersions contained distinct low shear and high shear power law regions with an inflection point or plateau between them. This three-region behavior is associated with the polydomain texture of nematic liquid crystals [33] . The low shear Region I is associated with director tumbling, the intermediate shear Region II is associated with director wagging or vorticity alignment, and the highest shear Region III is associated with flow alignment. The low shear viscosity kept increasing with Ag concentration until 1.8 vol.%; it then decreased until a concentration of 2.2 vol.% and then increased again. This nonmonotonic behavior is another feature commonly observed for macromolecular lyotropic liquid crystals including LCPs, SWNT is sufficient to dominate behavior, the viscosity decreases with concentration. The increasing fraction of aligned liquid crystalline domains results in a lower resistance to flow. Once a liquid crystal phase is fully formed, further increases in concentration result in a rapid increase in viscosity due to the increasingly tight packing of the rods. This behavior is highlighted by the viscosity versus concentration curves ( Figure 5(a) ) obtained at 0.1, 1, and 10 s −1 . The viscosities go through a maximum at every shear rate; as expected the magnitudes of the maxima decrease with increasing shear rate. As was previously observed for lyotropic PBLG solutions, the viscosity drops abruptly after the maximum and then increases again [34] . The transition from a biphasic system to a single phase liquid crystal occurs at a concentration near the resulting upper minimum in viscosity [35] . Thus, for the Ag-EG dispersion, the biphasic to single-phase liquid crystalline transition occurred between 2.2 vol.% and 2.9 vol.%; this is consistent with the optical microscopy result shown in Figure 2 . This transition is much lower than the Onsager theory prediction of ∼ 4.5 vol.% for monodisperse spherocylinders interacting only through hard rod repulsion. The discrepancy is attributed to demixing, attractive forces, and polydispersity [18, 36] .
Interestingly, when the viscosities were close to the maximum in the biphasic region (1.7 and 1.8 vol.%) and high concentration liquid crystalline region (3.7 and 4.1 vol.%), the flow curve showed only one shear thinning region with no inflection point. The data suggested that the dispersions were strongly yielding, which is consistent with previous observations for LCPs. Figure 5 (b) highlights the evolution of yield stress with concentration. Yield stress is the static stress required to deform the director field to one in equilibrium with the imposed flow; systems that undergo more than an order of magnitude decrease in viscosity at a nearly constant stress are considered to have a yield stress. All of the dispersions containing concentrations greater than or equal to 1.2 vol.% Ag exhibited a yield stress. However, as was the case for viscosity, the magnitude of the yield stress did not vary monotonically with concentration; the yield stress reached a maximum at 1.7 vol.% and a minimum at 2.9 vol.%.
Another behavior associated with LCPs is that the empirical Cox-Merz rule is not obeyed. According to the CoxMerz rule, at the same shear rate and angular frequency, the steady shear viscosity and complex viscosity should overlap. This rule is not obeyed for lyotropic liquid crystalline polymers in the anisotropic regime [21, 37] . Figure 6 shows an example of the failure of the Cox-Merz rule for a 1.6 vol.%. Ag-EG dispersion. Interestingly, the two curves showed bigger deviation at lower shear rates than that at a higher shear rate. The failure of the Cox-Merz rule is additional evidence of liquid crystalline phase formation in the silver nanowire/nanoparticle aggregate dispersions. [38, 39] . Figure 7 shows that the densely packed disclinations are generally aligned along the shearing direction. The dispersions' polydomain structure remained, due to the high disclination density associated with the relatively high shear rate [21] and the demixing of silver nanowires and nanoparticle aggregates. This worm texture could be preserved after cessation of shear and even after solvent removal. We believe that the high stability of the worm-like structure is caused by the large nanowire persistence lengths and attractive interactions as well as the demixed nematic phase formation reported in our previous paper [18] . These considerations also explain why the worm-like texture was obtained at much higher shear rates than 1 to 100 s −1 [37] observed for liquid crystalline polymers [39, 40] .
In addition to worm textures, shear band textures were also achieved. Shear band textures which were first observed in liquid crystalline dispersions used to make Kevlar fibers [41] are interesting structures that can form during shear or after the cessation of shear. They are commonly found in both thermotropic and lyotropic liquid crystal systems after they are processed by thin film shearing [42, 43] , uniaxial fiber drawing [44] , and injection molding [45] . Dark bands lie perpendicular to the direction of shear and represent a periodic fluctuation of molecules aligned around the shear direction. This periodic oscillation of molecules ordering director is induced by the strain relaxation (stored elastic energy of the texture) after cessation of shear [39, 46] or during continuous shear [43, 47] .
As shown in Figure 8 , thin films with 1-2 m thickness made by unidirectional shearing of a biphasic dispersion of 0.8 vol.% Ag-H 2 O at 500 s −1 resulted in a banded texture. The tilt angle of molecules relative to the shearing direction was determined using the method introduced by Wang and Labes [48] . In this method, the polarizer and analyzer are kept crossed, the bands are initially positioned perpendicular to either the polarizer or analyzer, and then the microscope stage is rotated to make the image change as a function of rotation angle. When the molecules in the bands are aligned with either polarizer or analyzer, the bands will appear completely dark. The tilt angle can then be calculated by the rotated angle of the stage. In this case, when the polarizer and analyzer are crossed and the direction of shear is parallel to the polarizer direction, the polarized light microscopy image in Figure 8 (a) exhibited bright bands and dark lines which alternated and were perpendicular with the shear direction (stage angle equal to 0 ∘ ). When the microscopy sample stage was rotated counterclockwise with an angle = 53 ∘ the bright bands turned completely dark and the remaining bands were bright as shown in Figure 8(b) . When the stage was rotated clockwise with an angle of = 53 ∘ , the dark bands shown in Figure 8 (b) turned bright and the bright bands in Figure 8 (b) turned dark as shown in Figure 8 (c). In this case, the tilt angle of molecules relative to the direction of shear was = 90 ∘ − 53 ∘ = 37 ∘ . For polymer liquid crystals, the band size was found to be a function of shear rate, polymer molecular weight, sample thickness, solution concentration, type of solvent and solvent evaporation rate, and other experimental variables [49] . In this study, silver nanowire thin films made by shearing 300 m thick 0.8 vol.% Ag-H 2 O biphasic dispersions at 500 s −1 shear rate showed band sizes from 10 to 70 m in width. This band size range is significantly larger than the few micrometers which was reported for a model system, aqueous hydroxypropyl cellulose (HPC) [46] . This may be due to the significant larger persistence length of silver nanowires. It should be noted that the Ag-H 2 O banded texture was only observed at shear rates higher than 500 s −1 . This is consistent with previous observations on HPC, which showed that the banded texture can only form when the magnitude of shear rate exceeded a certain threshold value [46, 50, 51] .
The ability to control microstructure in dried coatings/ films suggests the ability to create structures with anisotropic properties. For example, the electrical resistivity of a silver nanowire thin film with shear banding texture was characterized in both the parallel and perpendicular direction relative to the silver nanowire alignment. The sheet resistance of the silver thin film was measured using the four-point probe method. The geometric correction factor , which is usually required for sheet resistance calculations by the fourpoint probe method, was simplified to = ( / )/ ln(2), is the thickness of the thin film, and is the probe spacing. Based on the measured voltage/current ratio / , the sheet resistances for thin film were calculated by the equation sh = 2 ( / ) ( / ), so sh = ( / ln(2))( / ). The extracted sheet resistance and corresponding resistivity of silver film in the direction parallel to the alignment were sh‖ = 0.71 Ω/sq and ‖ = 95 Ω⋅cm, while the sheet resistance in the direction perpendicular to the alignment was sh⊥ = 1.3 Ω/sq, ⊥ = 221 Ω⋅cm. The ratio of resistivity perpendicular/parallel to the alignment direction is about 2.3 times. The sheet resistance and resistivity in both directions are much smaller than a previous report on silver nanoparticle thin films [52] but highlight the potential for anisotropy. The relatively high resistance is attributed to defects in the dried films and the presence of residual PVP on the surface of the silver nanomaterials.
Conclusion
Dispersions of high aspect ratio silver nanowires and large nanoparticle aggregates dispersions can form nematic liquid crystalline phases. The rheological behaviors of the dispersion are similar to those typically associated with lyotropic liquid crystalline polymers (LCPs). This was somewhat surprising given the system's complexity and the relatively low number fraction of rods. The results highlight the significant effect the rotational diffusivity of high aspect ratio rods has on rheological behavior compared to low aspect ratio particles. Shearing predominantly liquid crystalline dispersions resulted in shear rate dependent structures with both alignment and demixing. A worm-like texture of silver nanowires was formed by applying a 200 s −1 shear rate to anisotropic dispersions. A banded texture of silver nanowires formed at 500 s −1 shear rate with uniform alignment at the top of the coating and nanospheres being segregated to the bottom of 8 Journal of Nanomaterials the coating. The ability to control nanowire alignment and segregate rods and spheres opens up intriguing possibilities for the single-step manufacture of coatings with complex architectures and compositions simply by controlling phase behavior and applied shear.
